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CHAPTER 1. INTRODUCTION

Overview
Due skyrocketing fuel demand, declining fuel resources, and concerns over pollution, polymer electrolyte membrane fuel cells (PEMFCs) are being advertised as clean, highly efficient alternative power sources for a broad range of applications, from the operation of automobiles to the powering of portable electronics [1, 2] . PEMFCs are fueled by hydrogen gas and produce electrical power by way of two coupled reactions -H 2 reacts at the anode, and O 2 reacts at the cathode. While the hydrogen oxidation rates at the anode are comparatively high, the oxygen reduction rates at the cathode are low, hindered by slow reaction kinetics and poor transport of product and reactant gases to and from the reaction sites [3] .
Current catalyst layers are disordered blends of carbon-supported platinum catalyst in a polymer matrix. Platinum catalyst is incorporated into each electrode to enhance reaction kinetics, but the disorganization of the catalyst layer often results in underutilized catalyst.
Platinum is expensive and limited in supply, and any unused amount unproductively drives fuel cell prices upward. In order to alleviate some of these stumbling blocks, some researchers have manipulated the morphology of electrode catalyst layers to achieve sizeable performance enhancements [4] ; others have extensively focused on improving the electrocatalytic activity of carbon-supported platinum [5, 6] . The aim of this work is to accomplish both.
The overarching objective of this research is to design a tailored catalyst nanoparticle/block copolymer composite system for use in the cathode layer of a PEMFC.
By way of self-assembly, the desired nanocomposite will be a highly ordered structure containing dedicated regions for gas, water, and proton transport. Implementation of such a The 'A' domain is an ionomeric (e.g. sulfonated polystyrene) matrix containing SWNT-supported platinum catalyst particles, while the 'B' domain is a hydrophobic region that is selectively etched to yield mesopores. Both the matrix and mesopores are available for water transport, while the mesopores provide dedicated pathways for gas permeation to and from catalytic sites. SWNTs provide the necessary electronic conductivity and catalytic support. The thickness of the structure is scalable from microns to millimeters.
catalyst composite material could yield significant improvements in cathode layer operations and fuel cell power outputs. An idealized illustration of the target material can be seen in The experimental work explored in this research aims to set the groundwork and synthesize some of the preliminary materials necessary for reaching this goal. Chapter 2 contains background information regarding PEMFCs and notes relevant literature studies;
Chapter 3 details the methods and procedures used for platinum decoration of single wall carbon nanotubes (SWNTs) and covalent polymer functionalization of SWNTs, two primary components needed to synthesize the desired composite system; Chapter 4 discusses the results of the experiments and provides analysis and characterization of the materials created in Chapter 3; and, finally, Chapter 5 gives an overall summary of this research and offers suggestions for future work and ongoing experimentation. 
CHAPTER 2. LITERATURE REVIEW AND BACKGROUND
In this chapter, background information about polymer electrolyte membrane fuel cells, catalyst metals, carbon nanotubes, and polymer composites is provided. The first section contains information about the structure and operation of polymer electrolyte membrane fuel cells as well as scant details on some other types of fuel cells. The second section attempts to lay out the major problem areas currently plaguing hydrogen fuel cells.
The final section discusses the modification of carbon nanotubes for use in fuel cells.
PEMFCs and Other Types of Fuel Cells
PEMFCs
Also known as proton exchange membrane fuel cells, PEMFCs are a specific type of hydrogen fuel cell that uses a proton-conducting polymer, or ionomer, as the electrolyte. As with all fuel cells, the electrode consists of an anode, a cathode, and a medium that is selectively conductive to specific ions but non-conductive to electrons (Figure 2 .1).
Typically, the anode and cathode each consist of platinum catalyst supported on a porous, electrically conductive carbon backing layer (usually carbon paper or cloth). The backing must be porous to allow diffusion of gas to the catalyst. Sandwiched between these [7] .
electrodes is the proton conductive membrane. This grouping of anode, cathode, and membrane is known as the membrane electrode assembly (MEA). The MEA is contacted on each side by a collector plate, also known as the bipolar plate. The collector plates serve multiple purposes. First, the plates have channels etched into one side, which allow transport of reactant and product gases to and from the reaction sites. Second, the plates serve as the point of entry and exit for electrons liberated in the fuel cell. Third, they provide structural support for the fuel cell.
During operation of the PEMFC, H 2 gas, the source fuel, enters the fuel cell at the anode where it undergoes an oxidation reaction to yield protons and electrons (Eq. 1). The protons travel directly through the electrolyte to the cathode, while the electrons exit the fuel cell and travel through an external circuit (e.g. a light bulb, cell phone, etc.) before they arrive at the cathode. Oxygen provided either as pure O 2 or as air reacts with the protons and electrons at the cathode to produce water (Eq. 2).
The overall reaction (Eq. 3) releases energy (i.e. is exothermic) but consists of endothermic anodic and exothermic cathodic reactions [8] . The amount of energy produced -the enthalpy of reaction, ∆H rxn -can be determined from the difference in the heats of formation, H f , of the products and reactants in Eq. 3:
efficiency of 237/286 ≈ 83%.
In terms of electrical energy, the Gibbs free energy is related to the cell potential, E cell , through Eq. 8:
where F is Faraday's constant, and n is the number of moles of electrons that are transferred (i.e. pass through the external circuit) per mole of H 2 -in this case, n=2. Using the Gibbs free energy value previously given, Eq. 8 can be solved to obtain the theoretical cell potential at 25°C: E cell = 1.23 Volts. This potential is the maximum that can be achieved at this particular temperature, since it assumes a fuel cell operating at maximum efficiency. But ultimately, a fuel cell functions over a range of temperatures, and the cell efficiency decreases as temperature increases, as shown in Figure 2 .2.
Direct Methanol Fuel Cells (DMFCs)
These fuel cells are similar to PEMFCs, but methanol is used instead of hydrogen.
DMFCs are fairly new -research is a few years behind that of the PEMFC. They have a low operating temperature (50-120°C), similar to PEMFCs. Comparatively, the most substantial benefits of the DMFC are that no onboard storage of H 2 is required, and no fuel reformer is necessary. Additionally, methanol has a higher energy density than H 2 and would be simpler to distribute [9] . However, there are some road blocks to surpass before DMFCs are made available for widespread use. For example, DMFCs are plagued by the same low ORR rates as PEMFCs. Also, the anodic methanol oxidation process is slow enough that CO-like reaction intermediates form and adsorb onto the platinum catalyst particles, severely impairing the oxidation reaction. Furthermore, current membrane materials enable methanol to cross over to the cathode where it adsorbs onto catalyst sites and further reduces fuel cell efficiency. Lastly, methanol is toxic, which raises public safety concerns.
Alkaline Fuel Cells (AFCs)
Used by NASA and one of the first fuel cell technologies developed, these use an aqueous electrolyte that conducts OH -ions rather than protons. Operating temperatures are higher (150-220°C) than for PEMFCs. Because reaction rates are so high, non-precious metals can be used while still achieving high efficiency -this makes AFCs the cheapest fuel cells to manufacture. The drawback to this type of fuel cell is that it is easily poisoned by CO 2 -even the small amount present in air -so expensive purification of reactant gases is necessary.
Solid Oxide Fuel Cells (SOFCs)
These fuel cells, which currently operate at higher temperatures (800-1000°C) than any other fuel cells, use a thin, solid, ceramic electrolyte conductive to O 2- ions. SOFCs have high efficiencies and are able to use cheaper catalysts and a variety of fuels due to the high operating temperature. Additionally, SOFCs are resistant to CO poisoning, highly sulfurresistant, and very tolerant of fuel impurities. Consequently, the main disadvantages of the SOFC all stem from the high operating temperatures as well: the fuel cell suffers from slow startup, it requires durable and expensive component materials, and it needs considerable insulation to retain heat.
Issues with Fuel Cell Operation
Proton-conducting membrane
In order to operate, a PEMFC must contain a proton exchange membrane (PEM) that is permeable to protons, impermeable to electrons, and, ideally, impermeable to inlet fuels and any reaction intermediates that may be generated. Additionally, the membrane should be mechanically robust and chemically stable. Early in the development of PEMFCs, ordinary PEMs coated in PTFE (Teflon) were used. However, in the late 1980s, Ticianelli et al. demonstrated the performance enhancements obtained from the use of ionomeric Nafion membranes as opposed to standard PTFE-coated exchange membranes [10] . Nafion, made by Dupont, is a type of perfluorosulfonic acid ionomer commonly used to produce PEMs.
As a copolymer of perfluorosulfonate and PTFE (Figure 2. 3), it shows high proton conductivity as well as good mechanical, chemical, and thermal stability over current PEMFC operating conditions. The PTFE backbone lends itself to structural integrity, hydrophobicity, and chemical resistance, while the sulfonic acid groups (SO 3 H) create the hydrophilicity responsible for water uptake and, thus, proton conductivity.
PEMs require hydration to transport protons, and the conductivity improves as either water content or temperature increases [11, 12] . Nafion is capable of absorbing 50% of its dry weight in water and tends to swell much more at elevated temperatures, which, depending on the method of membrane pretreatment, causes noticeable and sometimes problematic changes in the physical dimensions of the membrane/MEA [8, 13] . Along with its heavy dependence on water, Nafion has a relatively low glass transition temperature (T g = 110-120°C) that decreases significantly when hydrated [14] . The water requirement and low T g make Nafion unsuitable for higher temperature applications. To remedy these issues, considerable effort has been spent developing replacement ionomers. A number of alternatives to Nafion have been designed, some of which show improved proton conductance, reduced water dependence, lower swelling, and higher T g [8, 14, 15] .
Electrodes and Voltage Losses
In Section 2.1.1, the theoretical cell potential of a fuel cell was determined. In actuality, fuel cells operate at potentials much lower than the theoretical maximum due to voltage losses [16] . Three main types of losses are activation polarization losses, ohmic losses, and concentration polarization losses. Activation polarization losses are composed of reaction kinetics and activation energy barriers; these losses account for the majority of voltage losses in a fuel cell. Although activation polarization exists at both the anode and cathode, the primary losses arise from the poor cathodic ORR rate. Ohmic losses consist of internal and contact resistances related to the composition and dimensions of specific materials used in the fuel cell, including the collector plates, the electrode backing layers, and the conductive membrane. Concentration polarization losses occur at high current densities as a result of mass transport limitations. When the demands of high-drain applications outweigh mass transport rates, electrode reactions receive insufficient amounts of reactants, which hinders reaction rates and causes cell potentials to decrease rapidly ( Figure 2 
.4).
PEMFCs have been plagued by activation polarization caused by low electrocatalytic activity at the cathode, due partially to poor contact between the catalyst and the electrolyte.
The reactions at both the anode and cathode use platinum catalyst. However, at the anode the oxidation of hydrogen occurs at least six orders of magnitude faster than the reduction of oxygen at the cathode [3] . Because of this disparity between H 2 and O 2 reaction rates, improvements in the anode layer are not being sought currently.
The oxygen reduction reaction (ORR) takes place at a "three-phase boundary" where the solid catalyst, porous electrolyte membrane, and oxygen gas all meet [8] . The simultaneous interaction of these three phases occurs over very small areas, leaving much of the catalyst unutilized. Reaction rates at the cathode depend, in part, on the ability of protons to reach available reaction sites on the catalyst. One proven method of increasing the electrochemically active surface area (ECSA) involves mixing small quantities of ionomer into the catalyst layer. The incorporation of Nafion enhances the ORR by transforming the gas diffusion layer into a three-dimensional reaction zone and increasing the contact area between the catalyst and proton-conducting regions to promote increased conductivity.
Modest catalytic gains have been realized. Furthermore, some studies have determined optimum levels of Nafion incorporation dependent on catalyst loading [17, 18] and the effect of Nafion gradients in catalyst layers [4] .
Gas Diffusion Layer and Water Management
One of the most important factors governing effective fuel cell operation is water The cathode is not the only section of the fuel cell to encounter water management issues; the electrolyte membrane also suffers. Aside from the significant swelling that many acidic polymer membranes exhibit, PEMs also experience partial dehydration near the anode [19, 20] . When protons generated at the anode migrate across the electrolyte membrane, water molecules are dragged along with them toward the cathode. This leads to a high local water concentration at the cathode and dehydration at the anode. Some back-diffusion of water occurs, but in most cases it is not significant enough to prevent accumulation at the cathode [21] . Since PEM conductivity largely is dependent on water content in the membrane, dehydration anywhere in the membrane leads to severe losses in conductivity.
Conductivity also depends on the chemical makeup of the membrane material. For Nafion and similar acid polymers, sulfonic acid groups are responsible for the hydrophilic nature of the material: the number and proximity of these groups on the perfluorinated backbone control the overall interaction between water and polymer. While the exact mechanism of Nafion hydration is still under debate, current working models generally break down ionomeric proton mobility into three different regions: 1) at low water content, hydration is not sufficient for sulfonate protons to dissociate, and there is no connectivity between ionic groups; 2) at intermediate water content, partial connectivity exists between sulfonate groups, and protons move freely within connected regions; 3) at high water content, sulfonate groups are fully hydrated and fully connected, allowing unrestricted mobility to protons and water.
Platinum and Platinum Group Catalysts
The oxygen reduction reaction that occurs at the cathode takes place on the surface of metal catalyst particles. The metals most commonly used are precious platinum group metals (platinum, ruthenium, palladium, osmium, iridium, and rhodium) and their alloys, primarily because they provide far superior catalytic enhancement when compared with any other available metals. Furthermore, metals outside of the platinum group fare poorly in the acidic environment and high cell potentials of a PEMFC [13] .
Typically, metal catalyst is deposited on a carbon support as fine nanoparticles in order to achieve the highest possible catalyst surface area per weight -the higher the aspect ratio, the smaller the amount of inaccessible metal "hidden" beneath the surface of catalyst particles, and the greater the catalyst utilization. Precious metal catalysts are expensive, and unutilized metal simply drives up the price of the fuel cell while offering zero catalytic gain.
Simple non-precious metals, are not an option for PEMFCs, however. They tend to break down easily, which would prove detrimental to ORR catalysis and cause disastrous contamination of other areas of the fuel cell.
Due to the lack of adequate alternative catalysts and the limited availability and high price of platinum, a great deal of research has been devoted to designing high activity fuel cell catalysts of different materials -most often, these new materials are metal alloys. Alloys of platinum group metals are the popular choice thus far, though studies have been conducted on non-precious metal alloys as well [22] . A wide range of metals have been alloyed with platinum to varying degrees of success, including ruthenium, rhodium, nickel, cobalt, chromium, zirconium, titanium, iron [23] .
Recently, some Pt alloys have been designed that show improved electrocatalytic activity for oxygen reduction by a factor of three or four over pure platinum. These include alloys of Pt-Ni [24, 25] , Pt-Cu [26] , Pt-Co [27] , Pt-Cu-Co [28] , and Pt-Fe [29] . What makes these new catalysts so reactive is not simply the nature of the alloyed metals, but the structure of the catalyst particles. Generally, these enhanced catalysts feature a thin shell of platinum over a solid core of non-precious metal. The interaction between the shell and the core appears to be what make these catalysts more active.
Catalytic improvements have been achieved in ordinary Pt catalysts as well simply by tailoring the shape of the catalyst particles. Ding et al. at Georgia Tech have prepared tetrahexahedral (24-sided) platinum nanocrystals that show extraordinary catalytic enhancement for oxygen reduction [30, 31] . The heightened activity is believed to stem from the increased number of specific high activity faces/edges on the platinum crystals.
Although the more promising PEMFC alloys display increased catalytic activity towards ORR and reduce platinum loading, the majority of them either still use platinum or replace it with other platinum group metals, which are more abundant but still quite expensive. While beneficial in the short term, substituting one precious metal for another will not significantly reduce the cost of catalysts, a necessary step in making fuel cells more economically viable.
Carbon Nanotubes and Fuel Cells
Carbon black particles are the most common support used in PEMFCs today;
however, carbon nanotubes have the potential to significantly improve the operation of fuel cells. Carbon nanotubes (CNT) are one-dimensional, nanoscale materials with interesting physical properties that find use in many applications. First discovered in 1982 and belonging to the fullerene family, carbon nanotubes display good electrical and thermal conductivity, are chemically inert, have a high aspect ratio, and are extremely strong (stronger than steel) [32] . There are two types of carbon nanotubes: single-walled (SWNT) and multiwalled (MWNT). SWNTs appear as a single graphene sheet rolled into a seamless cylindrical tube (Figure 2 .5), whereas MWNTs are thought to be either concentric tubes or a single graphene sheet wrapped spirally around itself. The two types of nanotubes have similar properties, but SWNT show higher electrical and thermal conductivity. This difference is due in part to the catalyst used during the growth of the nanotubes: the catalyst used in SWNT production leads to fewer nanotube sidewall defects. However, MWNT have been used more extensively in research because they are cheaper to synthesize than SWNT.
Polymer Brushes and Carbon Nanotube Functionalization
Carbon nanotubes are becoming increasingly popular in many fields of study.
Unfortunately, manipulation of CNTs is not always easily accomplished. A key concern for the use of carbon nanotubes in various applications is the lack of solubility of pristine nanotubes in either aqueous or organic solvents. It has been shown that following extended treatment in concentrated acid (HNO 3 , H 2 SO 4 + KMnO 4 , etc.) or via other oxidizing treatments (H 2 O 2 , NaOCl, etc.), hydroxyl or carboxyl functional groups are generated on the surface of pristine nanotubes [33, 34] . The benefits of this treatment are two-fold. First, these oxidized nanotubes are dispersed easily in polar solvents, which make them easier to manipulate. Secondly, the surface functional groups can act as sites for further chemistry. This is the basis for "graft to" and "graft from" covalent modification of nanotubes with polymers.
For oxidized or otherwise functionalized carbon nanotubes, graft polymerization is common and relatively easy. In "graft to" polymerization, polymer chains of a certain molecular weight are synthesized separately and then covalently attached to a substrate in a subsequent step [35, 36] . In contrast, for "graft from" polymerization, the substrate contains initiation sites to which monomer units attach directly [37] . Atom transfer radical polymerization (ATRP), free radical polymerization, and reversible addition-fragmentation chain transfer (RAFT) all have been used for graft polymerizations with functionalized nanotubes or fullerenes [38] [39] [40] .
In the case of pristine CNT, graft polymerization is more difficult due to the lack of surface functional groups. However, graft polymerization can be done without prior CNT surface modification via anionic (living) polymerization. Ederle et al., among others,
showed that fullerenes treated with alkyl-lithium salt (n-butyl lithium, sec-butyl lithium, etc.)
produce surface anions that can be used as anchoring sites for living polymerizations [41] [42] [43] .
Viswanathan et al. demonstrated this concept using SWNT [44] , and Liu et al. using MWNT [45] . The drawback here is that anionic polymerization limits the range of monomers that can be used.
Many of the unique properties of a carbon nanotube result from its undisrupted honeycomb structure [46] . Oxidation and similar functionalization introduce defects on nanotube sidewalls, thereby altering their strength, electrical, and thermal properties. Thus, it comes as no surprise that noncovalent modification has become an increasingly popular alternative for improving the solubility of nanotubes in various solvents [47] . Typically, this involves either ultrasonic dispersion of pristine nanotubes in a polymer solution or else polymerization in the presence of pre-dispersed nanotubes [48] . The polymer strands wrap around individual nanotubes, a process made possible by electrostatic and van der Waals interactions between polymer and nanotubes [33, 49, 50] . The only concern regarding noncovalently modified CNT is the possibility that they can become insoluble after being redispersed multiple times. Therefore, noncovalent modification can prove especially useful in situations requiring a one-time dispersion of CNT in a solvent or matrix, but it is not suitable in all circumstances.
Carbon Nanotubes as Metal Catalyst Supports
Carbon nanotubes are structurally, chemically, and electronically superior to any type of carbon black powder currently being utilized in fuel cell applications. In order to exploit this feature in PEMFCs, much focus has been placed on attaching catalyst metals to CNT. Deposition of metal catalysts is possible on oxidized nanotubes due to the presence of functional groups and chemically reactive surface defects, which are believed to act as nucleation sites for metal growth. A regrettable side effect, however, is that functionalized nanotubes are not expected to retain all of the intrinsic properties that make carbon nanotubes so desirable. Uniform, stable decoration of catalyst metal onto pristine CNTs would be preferred. Unfortunately, pristine nanotubes lack the necessary anchoring points for metal loading and thus achieve little to no adhesion with metal nanoparticles.
Interestingly, whereas ordinary pristine nanotubes make poor substrates for Pt nanoparticle loading, certain polymer-wrapped pristine nanotubes have proven excellent for high loading and uniform decoration of Pt over the surface of CNTs. Kongkanand et al. were able to wrap the SWNTs in poly(sodium 4-styrenesulfonate) and subsequently deposit fine platinum nanoparticles (2-3 nm) evenly along them. Aside from achieving high catalyst loading, these wrapped and decorated nanotubes displayed exceptional catalytic activity.
Successful decoration of non-covalently modified CNT has been achieved in other instances as well [49, [55] [56] [57] .
Carbon Nanotubes for Use in Composite Materials
Carbon nanotubes can be used in a number of applications, to great benefit. One particular instance is in the field of composite materials. A composite is a combination of two or more materials with very different properties. The constituent materials fall into one of two categories: a continuous phase -known as the matrix, and a discontinuous phase dispersed within the matrix -termed the filler. Some common examples of composites are wood, a natural composite of cellulose fibers in a lignin matrix; fiberglass, glass fibers in a polyester matrix; and concrete, gravel filler in a cement matrix.
The advantage of a composite is that it exhibits the properties of each constituent material. The inclusion of a small wt % of carbon nanotubes in various polymer matrices has resulted in composite fibers and thin films with enhanced electrical conductivity [58] [59] [60] , bulk systems with improved stiffness and tensile strength [61] , and materials with elevated thermal stability [62, 63] . Consequently, the high strength and thermal stability of carbon fiber/CNT composites have been exploited by the aerospace industry for the manufacturing of tougher, lightweight aircraft components [63, 64] .
Despite the popularity of carbon nanotubes and nanocomposites, little has been done with regards to preferential assembly of carbon nanotubes in one particular phase of a multiphase composite -for example, water-soluble carbon nanotubes selectively dispersed in the hydrophilic phase of a hydrophilic/hydrophobic diblock copolymer of lamellar morphology. However, some work has been done controlling the location of metal nanoparticle in block copolymers [65] . Composites of such high order could yield interesting properties beyond those of standard CNT composites. For instance, current fuel cell catalyst layers are disorganized collections of carbon-supported metal and polymer that suffer from transport limitations. This could be remedied by the design of a structured cathode layer with tailored hydrophilic and hydrophobic regions and tailored catalyst domains. The following chapters lay down the groundwork for the synthesis of the initial materials necessary for such a cathode layer.
CHAPTER 3. METHODS AND PROCEDURES
There are two main thrusts to the experimental work that follows: SWNTs as catalyst supports and functionalization of oxidized and pristine SWNTs with polymers via graft-from polymerization techniques. The first section explains the procedure used for decorating oxidized SWNTs, and the second section details the procedures for the graft polymerization of polystyrene from oxidized and pristine SWNTs.
Carbon Nanotube-Supported Platinum Catalysts
Two different types of functionalized SWNTs were used in the following experiments: a set containing -OH groups (SWNT-OH), and one containing -COOH groups (SWNT-COOH). The chemistry for platinum deposition and ATRP is the same for both types of SWNT; the goal here was to see if the two materials behave differently during any stage of the procedure.
Similarly, the reduction of platinum onto SWNTs was conducted using two different sources of platinum. Potassium tetrachloroplatinate(II) (K 2 PtCl 4 ) and chloroplatinic acid hydrate (H 2 PtCl 6 ) both were utilized in order to determine if nanoparticle deposition was significantly affected by the source of platinum used.
Decoration of Oxidized SWNTs with Platinum Nanoparticles
Materials and Measurements
Functionalized single walled carbon nanotubes were purchased from Cheap Tubes, Thermogravimetric analysis (TGA) was performed on a Q50 Thermogravimetric
Analyzer from TA Instruments (New Castle, DE) in air at a ramp rate of 40°C/min. TGA was run three times per batch of decorated SWNT to ensure accuracy of results. All final residues were considered to be only platinum. Transmission electron microscopy (TEM) was conducted on a FEI-Tecnai G2 -F20 STEM microscope. A small amount of SWNT/Pt was dispersed in ethanol via sonication and drop-cast onto lacy carbon-coated, 300-mesh copper TEM grids. Electrochemical measurements were recorded on a Model AFRDE5 Bipotentiostat from Pine Instruments using an Ag/AgCl reference electrode.
Reduction of K 2 PtCl 4 and H 2 PtCl 6 in Ethylene Glycol
The procedure followed here was taken from Xie et al. and modified slightly [51] .
Two 50 ml batches of ethylene glycol were measured. Into the first batch, 50 mg of SWNT-OH were dispersed via sonication for two hours. Into the second, 7.5 mg K 2 PtCl 4 was completely dissolved (over low heat, if necessary -45-50°C). The two solutions were combined and refluxed at 110-120°C for 8 hours. The resulting black, platinum-loaded, solid material (from now on referred to as SWNT/Pt) was recovered via centrifugation (8000 rpm, 10 minutes), rinsed repeatedly with acidic water (2-4 drops of HCl in a few hundred ml of deionized water), and dried in an 80°C vacuum oven overnight. This process was later repeated on (1) SWNT-OH using 25 mg K 2 PtCl 4 in an attempt to increase platinum loading, (2) SWNT-COOH using 25 mg K 2 PtCl 4 , and (3) SWNT-COOH using 25 mg H 2 PtCl 6 . The amount of platinum loaded onto the SWNT was determined by TGA.
Cyclic Voltammetry/Electrochemical Measurements
For voltammetric measurements, the SWNT/Pt catalyst system was supported on a glassy carbon rotating disk electrode (Pine Instruments, area: 0.283 cm 
Polymer-Grafted Carbon Nanotubes
Graft polymerization of polystyrene from SWNTs was performed by two types of polymerization techniques: ATRP reaction and anionic polymerization. ATRP was attempted initially, followed by the anionic method.
Preparation of SWNT-g-PS via ATRP
Materials and Measurements
Functionalized single walled carbon nanotubes were heated to 150°C under vacuum for 24 hrs before use to eliminate adsorbed moisture. Basic alumina (Fisher) was dried at 180°C under vacuum before use. Styrene (Sigma-Aldrich, ≥ 99%) was passed through an alumina column to remove its inhibitor, degassed over three freeze-pump-thaw cycles, and Acetone (Fisher, 99.5%) was degassed and dried over CaH 2 prior to use.
Molecular weights were obtained using a GPC purchased from Waters (Milford, USA). HPLC chloroform served as the eluent at a rate of 1 ml/min, and polystyrene standards were used to calibrate the machine. For TEM sample preparation, a small amount of SWNT-g-PS was dispersed in toluene and drop-cast onto lacy carbon-coated copper grids.
Synthesis of SWNT-initiator
A modified procedure based on that of Choi et al. [38] was employed. In a 100 ml round bottom flask fitted with a stir bar, 50 mg SWNT (0.116 mmol -OH groups or 0.030 mmol -COOH) were dispersed in 40 ml ethyl ether via sonication. The flask was placed in an ice bath, and Pyridine (1 ml, 12.3 mmol) was added. 2-BMPB (3 ml, 23.8 mmol) slowly was added dropwise, during which a light gray precipitate formed. Following the addition of 2-BMPB, the reaction mixture was allowed to warm to room temperature and stirred for two hours. The product was rinsed repeatedly with deionized water and acetone to remove the precipitate and excess 2-BMPB, respectively, and then collected via centrifugation and dried at 80°C overnight under vacuum to yield a black powder.
ATRP of Styrene from SWNT-initiator
The reaction scheme for this procedure can be seen in For viewing under TEM, a small amount of SWNT-g-PS was dispersed in toluene and drop-cast onto lacy carbon-coated, 300-mesh copper TEM grids. To determine the molecular weight of the grafted polymer, cleavage of the polymer from the SWNT was necessary. About 20-25 mg of SWNT-g-PS was measured into a 1 dram glass vial equipped with a Teflon-coated magnetic stir bar and dissolved in 1 ml chloroform. This solution was treated with 5 ml HCl under vigorous stirring or 3 hours to cleave the polystyrene chains from the nanotube sidewalls (ester hydrolysis). The organic layer was collected, and after the solvent was evaporated, the resulting polymer was re-dissolved in chloroform and filtered through a 0.2 µm syringe membrane into a GPC sample vial.
Preparation of SWNT-g-PS via Anionic (Living) Polymerization
Materials and Measurements
Styrene was degassed and stored over dibutylmagnesium (Aldrich, 
Anionic Graft Polymerization of Styrene from Pristine SWNT
The following procedure is taken from Viswanathan et al. [44] . The reaction scheme can be seen in Figure 3 .2. Pristine SWNTs (20 mg) were charged into a five-port round bottom flask, which was evacuated and backfilled with N 2 three times. Cyclohexane was added, and the flask was sonicated for one hour to disperse the SWNT. sec-Butyllithium (amount varied depending on desired molecular weight) was injected via syringe, and stirring continued for another 1-2 hours to allow sufficient time for surface anions to be generated on the SWNT. Styrene (10 ml, 0.087 mol) was distilled from dibutylmagnesium and added to the flask. The amount of styrene used in each polymerization was kept constant at 10 ml.
The reaction proceeded at 40°C for 8 hours to ensure full conversion of styrene; degassed methanol was used to terminate the polymerization. The reaction mixture was filtered through a 0.2 µm PTFE filter, and the collected SWNT-g-PS was rinsed repeatedly in toluene to remove free polymer. A black powder was obtained after drying under vacuum. For viewing under TEM, a small amount of SWNT-g-PS was dispersed in toluene and drop-cast onto lacy carbon-coated, 300-mesh copper TEM grids.
CHAPTER 4. RESULTS AND DISCUSSION
This chapter provides the results and analysis for the experiments conducted in Chapter 3. The first section assesses the physical and electrochemical attributes of the supported platinum catalyst. The second section discusses the results of the ATRP and anionic graft polymerizations of polystyrene from SWNTs and details the characterization and behavior of the resulting materials.
Characterization of Platinum-Decorated Oxidized SWNTs
Analysis of TGA and TEM
The successful deposition of platinum onto oxidized SWNTs was verified by TGA and TEM. TGA was conducted in oxygen from room temperature to 900°C at a ramp rate of 40°C/min. Further proof of platinum loading is given by the TEM images in Figure 4 .2, which show the dispersion of platinum nanoparticles as well as the nanoparticle size. There appears to be little aggregation, and the SWNTs support a fairly even deposition of nanoparticles ≤ 5 nm. Carboxylated SWNTs behaved no differently than the hydroxylated. After undergoing the same procedure, the two types of nanotubes had similar metal loadings and appeared nearly identical in TGA plots and TEM images (Figure 4.2 (a), (b) ). Similarly, there appears to be little difference between SWNTs decorated using K 2 PtCl 4 and H 2 PtCl 6 (the TGA for H 2 PtCl 6 is seen in Figure 4 .1 (d)) -only the SWNT/Pt in Figure 4 .2 (c) were produced using the latter.
As a matter of interest, experiments were run to clarify whether the order in which platinum deposition and initiator synthesis occur affects the catalyst system: specifically, whether Pt particles attach strongly enough to survive the SWNT-initiator synthesis step, and if Pt decoration is possible on the esterified SWNT-initiator species. First, the initiator synthesis procedure was conducted using previously created SWNT/Pt (labeled "SWNT/Ptinit"); then, separately, the reduction of Pt onto SWNT-initiator was attempted ("SWNTinit/Pt"). TEM was used to examine the products. As witnessed in 
Electrochemical Measurements
For the voltammetric measurements, the applied potential was swept from -0.275 V up to +1.2 V and back down, and the corresponding electric current density was recorded.
The size of the hydrogen adsorption "peak" on the reverse scan is representative of the [3] . Instead, they achieved remarkable catalytic improvements using platinum-decorated, noncovalently modified pristine SWNTs.
Assessment of SWNT-g-PS Synthesis
SWNT-initiator Production and ATRP Reaction
The relative ease of ATRP lends itself to the graft polymerization of styrene from oxidized SWNTs. The polymerization technique requires a transition metal/ligand catalyst complex and an initiator containing terminal alkyl halide functionality. Conversion of SWNT-OH to SWNT-initiator was immediately visible by the formation of a gray precipitate, HBr, a product of the esterification of hydroxyl functional sites by 2-BMPB.
While insoluble in ethyl ether, the precipitate easily dissolved in water during the cleanup stage. Furthermore, the solubility of the nanotubes changed upon synthesis of the initiator, with the SWNT-OH being water soluble and the SWNT-initiator becoming insoluble.
ATRP of styrene using SWNT-initiator produced a fine, gray colored SWNT-g-PS powder.
Dissolving the material in chloroform produced an opaque gray mixture. HCl turned yellow upon contact with the organic layer. As the stirring continued, the organic layer became colorless and clear of particulates, the aqueous phase remained yellow, and a black material presumably composed of SWNT built up at the interface between the two phases. Typical
GPCs of the chloroform layer can be seen in Figure 4 .4. In these particular instances, the synthesized polystyrenes had peak molecular weights of ≈121,800 (M n = 91,000, PDI = 1. 38) and ≈18,800 (M n = 13,100, PDI = 1.49), but these numbers varied, as the kinetics of the reaction were difficult to control and no particular molecular weight was targeted. These particular polystyrenes had peak molecular weights of ≈121,800 Da (M n = 91,000, PDI = 1.38) and ≈18,800 Da (M n = 13,100, PDI = 1.49). It was often challenging to find evidence of SWNT-g-PS under the microscope. To make it easier to locate the nanotubes, the ATRP process was attempted with Pt-loaded SWNT-initiator (since Pt is easily visible under TEM). Some difficulties were experienced with the ATRP reaction, primarily during the cleanup step -specifically, removal of the copper catalyst by use of an alumina column and recovery of the product by vacuum filtration. The alumina column consisted of a 30 ml plastic syringe containing a loose plug of glass wool at the tip and filled with 10-12 ml of basic alumina topped off with 3 ml of sea sand. Following the cleanup procedure delineated by Choi et al. [4] , the copper-containing reaction mixture was to be diluted and passed through alumina. The success obtained from this step was hit or miss. Dilution at the level suggested by Choi resulted in a reaction mixture too viscous to flow freely through the column. Thus, the syringe plunger was employed to force the mixture through the alumina manually. Relatively large pressures and further dilution were required to successfully obtain product at the outlet. On the other hand, diluting the reaction mixture too much proved to be an ineffective alternative, because it produced eluate containing no SWNT-g-PS.
Generally, the recovered SWNT-g-PS was gray and contained little to no copper.
However, it was not always possible to prevent solvated copper and/or traces of alumina from exiting the column as well; if this occurred, the recovered SWNT-g-PS exhibited a greenish hue that remained despite additional rinsing with methanol and toluene.
Considering the contamination of the SWNTs brushes by copper and alumina, and noting the conventional wisdom that oxidized or defect-containing SWNTs do not display the same desirable intrinsic properties as pristine SWNTs, an alternative route to SWNT-g-PS via
anionic polymerization was explored.
Anionic Polymerization of Polystyrene Brushes
The ability of alkyllithium initiators to produce anions on fullerenes has been demonstrated by Ederle et al. [5] , Samulski et al. [6] , and others [7] [8] [9] . Following prolonged sonication of the nanotubes to break apart bundles, treatment of SWNTs with secbutyllithium opens fullerene double bonds and generates anions that promote further exfoliation of SWNTs and serve as initiation sites for anionic polymerizations. Upon addition of styrene, the reaction turned yellow, due to the presence of polystyryllithium anions. Monodisperse polymer brushes of various molecular weights were synthesized (Table 4 .1). Solubility of the material was poor in water, good in THF and chloroform, and interestingly, just moderate in toluene and cyclohexane. For the most part, as-received pristine nanotubes dispersed in the same solvents displayed similar solubility tendencies (e.g. chloroform solubility), a fact often overlooked in experimental studies seen in literature. Again, the TEM images of the anionically prepared SWNT-g-PS do not show conclusive evidence of polystyrene functionality. Aside from the nanotubes, all that can be seen are regions of amorphous carbon -globular residues produced during the synthesis of SWNTs (Figure 4 .6). TGA has yet to be run to determine graft density, but the polystyrene content of the SWNT-g-PS is expected to be low (5-15%) [10] . Visually, the solubility of the brushes appeared unaffected by the length of polymer chain grafted from the SWNTs.
The success of the graft polymerization was gauged using FTIR. A marked difference between SWNT-g-PS and pristine SWNT was seen ( Until this point, a potential drawback to the use of pristine SWNTs purposely has been ignored: although pristine SWNTs appear to be physically and electronically superior to oxidized SWNTs, platinum does not adhere to them. Therefore, a method for decorating SWNT-g-PS produced via anionic polymerization is necessary to make this material useful in the proposed catalyst layer. It may be possible to achieve this through sulfonation of nanotube-bound polystyrene followed by the reduction of platinum in ethylene glycol. This process is analogous to that used by Kongkanand et al. [3] , only polystyrene-grafted SWNTs would take the place of polymer-wrapped SWNTs.
Summary
Platinum decoration of oxidized SWNTs was performed by means of the reduction of platinum salt in ethylene glycol. A relatively disperse coating of ≤ 5 nm sized platinum nanoparticles was achieved. No observable differences were witnessed between nanotubes containing -OH and -COOH functionalities, and similarly, no differences between nanotubes decorated using K 2 PtCl 4 and K 2 PtCl 6 . The catalyst systems demonstrated lower than anticipated electrocatalytic activity.
It was shown that SWNT-g-PS can be produced via ATRP reaction or anionic polymerization. Simple esterification of oxidized SWNT functional sites resulted in a SWNT-initiator species suitable for ATRP. SWNT-g-PS obtained from each polymerization technique displayed solubility in organic solvents, but further investigation of the solubility and polymer content of the material produced by anionic polymerization is necessary.
CHAPTER 5. CONCLUSIONS AND FUTURE WORK
Conclusions
The overall objective of this research is to create high-activity cathode catalyst layers for PEMFCs via self assembly of a catalyst species within a block copolymer matrix. The initial work toward this goal was performed -namely, deposition of the catalyst on a carbon nanotube support, and covalent modification of SWNTs with polymer functionalities.
Mixed results were obtained from the carbon nanotube-supported platinum catalysts.
Platinum was deposited by way of facile reduction in ethylene glycol. A small metal nanoparticle size with little agglomeration, and thus a large catalyst surface area, was achieved. Unfortunately, these successes did not translate to a high-activity catalyst complex, but no optimization of this system was attempted. Further study of this system or incorporation of today's advanced, highly catalytic alloys could yield some enhancements.
Regardless of how the improvements are accomplished, increases in catalytic activity are necessary for these catalyst systems to prove useful.
Graft polymerization of polystyrene from both oxidized and pristine SWNTs was successful. The polystyrene brushes displayed improved solubility in organic solvents.
While the polymerizations themselves were performed easily, the cleanup and recovery of the ATRP-produced SWNT-g-PS was arduous. Anionic polymerization was more userfriendly but appeared to yield SWNT-g-PS of low polymer content. Furthermore, use of anionic polystyrene brushes necessitates that a platinum deposition procedure capable of decorating pristine SWNTs be developed.
Future Work
Additional Characterization and Modification of SWNT-g-PS
Additional experimentation needs to be conducted on the polymer content and solubility of the polystyrene brushes synthesized here. TGA should be conducted to determine the polymer graft density. FT-IR was performed, but Raman spectroscopy should be used for further verification of covalent polymer modification of SWNTs. Moving forward, it would be beneficial to record official solubility measurements to more accurately gauge the solubility of polystyrene brushes in various solvents.
Consequently, covalent attachment of PS is not the final step for the polymer brushes.
Subsequent sulfonation of polystyrene is desired to generate a hydrophilic, protonconducting material. A procedure needs to be designed and implemented to do just that, and the resulting sulfonated polymer brushes (referred to as SWNT-g-SPS) need to be characterized with respect to the degree of sulfonation and water solubility. Characterization of this material is essential for its incorporation in polymeric matrices. Additionally, a method for decorating polymer-grafted pristine carbon nanotubes needs to be developed; otherwise platinum-decorated polymer-wrapped SWNTs or oxidized SWNTs will have to be used.
Incorporation of SWNT-g-PS into a Block Copolymer Matrix
One of the goals of this research is to fabricate a SWNT/block copolymer composite material via self-assembly. Diblock and multiblock copolymer synthesis is currently being conducted elsewhere in the research group. Initially, the behavior of ordinary SWNT-g-PS in a microphase-separated poly(styrene-b-isoprene) diblock copolymer should be examined.
Preliminary work had just begun on this but was halted due to some equipment failure.
Should the SWNT-g-PS preferentially accumulate in one phase as is desired, the behavior of the brushes should be observed in more sophisticated multiblock copolymers. Following this, similar tests should be conducted on blends of SWNT-g-SPS and proton-conductive block copolymers (e.g. a poly(styrene-b-isoprene-b-styrene) triblock where the styrene regions are sulfonated). Following the completion of these steps, the fabrication and electrochemical assessment of the tailored nanocomposite catalyst layers can be performed.
